Metformin is an oral biguanide used for type II diabetes. Epidemiologic studies suggest a link between metformin use and reduced risk of breast and other types of cancers. ErbB2-expressing breast cancer is a subgroup of tumors with poor prognosis. Previous studies demonstrated that metformin is a potent inhibitor of ErbB2-overexpressing breast cancer cells; metformin treatment extends the life span and impedes mammary tumor development in ErbB2 transgenic mice in vivo. However, the mechanisms of metformin associated antitumor activity, especially in prevention models, remain unclear. We report here for the first time that systemic administration of metformin selectively inhibits CD61 high /CD49f 
Introduction
Breast cancer is the leading cause of cancer-related deaths among women, with as many as 40% of cases ending in relapse and metastatic disease (1) . Growing evidence suggests that cancer stem cells (CSC) play a critical role in breast cancer initiation, metastasis, and therapeutic resistance. According to the CSC theory, cancers are driven by a rare group of tumor cells with stem cell properties, including self-renewal and multilineage differentiation capacity (2) . Al-Hajj and colleagues first reported that ESA þ
CD44
þ CD24 À/low Lin À human breast cancer cells were significantly enriched for tumor-forming ability in nonobese diabetic/severe combined immunodeficient mice compared with Lin À cells with other phenotypes. Self-renew and differentiation potential of the CD44 þ CD24 À/low Lin À cells was demonstrated by serial in vivo passages and the heterogeneity of the derived tumors (3, 4) . The stem cell-like properties of these cancer cells were similar to the bipotent human mammary epithelial progenitors (5-7). Later, Ginestier and colleagues demonstrated that breast cancer cells with high ALDH1 activity, which contain a small fraction of cells overlapping with CD44 þ CD24 À/low Lin À cells, were also capable of self-renewal and generating tumors that recapitulate the heterogeneity of the parental tumor (8) . Recently, Lo and colleagues identified CD61 high /CD49f high subpopulation as tumor-initiating cells (TIC) in mammary tumors developed in mouse mammary tumor virus (MMTV)-ErbB2 transgenic mice (9) . These studies not only provide solid evidence supporting "CSC theory" but also establish breast CSC markers for studies aiming at clinical implications.
ErbB2, also known as HER2/neu, is a 185 kDa transmembrane glycoprotein that belongs to the epidermal growth factor receptor (EGFR) family. It is amplified/overexpressed in 20% to 30% of breast cancers, which has been correlated with aggressive phenotypes and poor prognosis (10) . ErbB2 is a receptor tyrosine kinase (RTK) with intrinsic tyrosine kinase activity. As the only EGFR family member that has no known ligand, ErbB2 can be activated by homodimerization and/or heterodimerization with the other ErbB members upon cognate ligand binding (11) . It has been well established that dysregulation of the ErbB2 pathway disrupts homeostasis of normal cell-control mechanisms and gives rise to aggressive tumor cells (12) (13) (14) . In particular, recent evidence indicates that overexpression of ErbB2 induces the expansion of stem/progenitor subpopulation of breast cancer cells, which promote metastasis and drug resistance (15) . In vivo data also showed that luminal progenitor cell populations in the preneoplastic mammary glands of MMTV-ErbB2 transgenic mice were significantly expanded (9) . Therefore, ErbB2 signaling may drive carcinogenesis through regulation of the mammary stem/progenitor cell populations.
Metformin is the most commonly used therapy in patients with type II diabetes (16) . Epidemiologic studies suggest that metformin may lower cancer risk in diabetics and improve outcomes of various types of cancers (17) . In particular, metformin treatment was associated with lower breast cancer incidence among patients with diabetes, and higher pathologic complete response in patients with earlystage breast cancer who were receiving neoadjuvant therapy (18) . Previous cell line-and xenograft tumor-based experiments have shown that metformin selectively kills CSCs in different types of breast tumors (19) . It regulates breast CSC ontogeny by transcriptional regulation of the epithelialmesenchymal transition (EMT) machinery (20) and targets Stat3 to inhibit cell growth and induce apoptosis in basallike breast cancer cells (21) . Metformin was also reported to overcome trastuzumab resistance by specifically killing breast cancer initiating CD44 þ
CD24
À/low cells (22) and by inhibiting ErbB2/insulin-like growth factor (IGF)-1R receptor interactions (23) . In contrast to extensive studies on breast cancer cell lines, little data are available on the metformin-mediated cancer-preventive effect on nondiabetic models. In this regard, reports by Anisimov and colleagues showed that systemic treatment with metformin extended life span and delayed spontaneous breast tumor development in MMTV-ErbB2 transgenic mice (24, 25) . Mechanistic insight into metformin-mediated inhibition of mammary tumor development in this clinically relevant model will facilitate the development of metformin-mediated breast cancer prevention. In this study, we investigated the mechanisms of metformin-associated prevention/inhibition of ErbB2-mediated breast cancer development by focusing on the potential effect of metformin on CSCs/TICs in the MMTV-ErbB2 transgenic mouse model and its context with existing in vitro models. We show here for the first time that systemic administration of metformin selectively inhibits CSC/TIC subpopulations in the preneoplastic mammary glands of MMTV-ErbB2 transgenic mice, which was associated with metformin-induced downregulation of ErbB2/phosphoinositide 3-kinase (PI3K)/Akt pathway and the inhibition of IGF-1R, mTOR, and Stat3 activation. These data will have significant impact on the implication of metformin in breast cancer prevention.
Materials and Methods

Animals and treatment
The FVB/N-Tg MMTV-ErbB2 transgenic mice used in this study were obtained from The Jackson Laboratory. They were housed in a temperature-controlled room with a 12-hour light-dark cycle, and fed an estrogen-free AIN-93G diet (Harlan Teklad). With 10 mice in each of the control and treatment groups, 8-week-old virgin mice were intraperitoneally (i.p.) injected daily with 250 mg/kg of metformin (Sigma) or vehicle (saline) as control for 10 weeks. The dosage used was based on previous studies (26) , as well as human therapeutic doses (27) . Mammary glands were collected 18 hours after last injection for subsequent experiments. For tissue collection, the fourth pairs of mammary gland from 4 mice of each group were harvested for isolation of primary mammary epithelial cells, which were used for flow cytometry analysis and mammosphere assay. Protein lysate was also prepared from the treated mammary glands for Western blot analysis. The 4th inguinal mammary glands from 3 mice in each group were processed for whole mount staining. All procedures involving mice were performed with the approval of university's Institutional Animal Care and Use Committee and conducted in accordance with the NIH Guide for the Care and Use of Laboratory Animals.
Cell culture and treatments
Human breast cancer cell lines BT-474 and SKBR3 were purchased from American Type Culture Collection. The 78617 cell line was a mammary tumor cell line derived from MMTV-ErbB2 transgenic mice as previously described (28) . All the cells were maintained in Dulbecco's Modified Eagle Medium: Nutrient Mix F12 (DMEM/F12 1:1; Life Technologies) supplemented with 10% FBS, and cultured in a 37 C humidified atmosphere containing 5% CO 2 . For the cell-proliferation assays, 3 Â 10 3 cells were seeded into 96-well plates and cultured in DMEM/F12 containing 10% FBS and graded metformin for 6 days. The medium was changed once throughout the process. Cells cultured for other assays were treated as indicated in individual experiments.
Mammary gland whole mount analysis
The inguinal mammary glands of MMTV-ErbB2 transgenic mice were dissected and spread onto slides followed by overnight fixation in Carnoy's solution at room temperature (29) . The glands were rehydrated and stained overnight with carmine alum. The stained glands were then dehydrated, cleared with xylene, and mounted. Photographs were taken under a digital camera mounted on a Nikon C-LEDS microscope.
Primary mouse mammary epithelial cells (MECs) isolation and flow cytometric analysis
The inguinal mammary glands were harvested from 18-week-old mice. The glands were finely minced with a tissue chopper (Mickle Laboratory Engineering) and then digested with collagenase (Roche) and hyaluronidase (Sigma) for 2 hours at 37 C. The resultant organoids were further digested with 0.25% trypsin-EDTA (Sigma) and dispase (Stem Cell Technologies)/DNase I (Sigma), followed by filtration through a 40-mm mesh. The cells were stained with antibodies against CD49f, CD61, and the lineage markers, followed by flow cytometric analysis, as described by Shelton and colleagues (30) .
Mammosphere and tumorsphere assays
Primary mouse MECs were seeded at 10 5 cells per well in triplicate in ultra-low attachment 6-well plates (Corning). BT-474, SKBR-3 and 78617 cells were seeded in triplicate in ultra-low attachment 6-well plates at a density of 500 cells/cm 2 . In the presence or absence of metformin, spheres were allowed to grow in DMEM/F12 media supplemented with 5 mg/mL insulin (Sigma), 0.5 mg/mL hydrocortisone (Sigma), 1 Â B27 (Life Technologies), 20 ng/mL EGF (Sigma), 20 ng/mL hFGF (Stem Cell Technologies), and 4 mg/mL heparin (Stem Cell Technologies) for 6 days, followed by sphere counting and image documentation. For secondary sphere cultures, primary spheres were harvested, incubated with trypsin for 5 minutes at 37 C, and vigorously pipetted. Single cells were confirmed under a microscope and resuspended with sphere culture conditions for another 6 days. The sphere-forming efficiency (%) was calculated as (number of spheres per well/number of cells seeded per well) Â 100.
Western blotting
Western blotting was performed as previously described (31) . Antibodies against pErbB2 (Y877), pEGFR (S1406/ 1407), pErbB3 (Y1289), pAKT (S473), pERK1/2 (T202/ Y204), pAMPKa (T172), AMPKa, mTOR, and pMTOR (S2448) were purchased from Cell Signaling. Antibodies against EGFR, ErbB3, estrogen receptor (ER)-a, pER-a (S167), Stat3, pStat3 (Y705), Actin, and ERK2 were purchased from Santa Cruz (Santa Cruz Biotechnology). Antibodies against ErbB2 and AKT1 were purchased from Millipore and EPITMICS, respectively.
Syngeneic grafting of metformin-treated tumor cells
For the syngeneic grafting experiment, 78617 cells were pretreated with 1 mmol/L metformin in DMEM/F12/10% FBS or control medium for 72 hours. The cells were then harvested and examined for viability with trypan blue. Before grafting, cell number for each sample was adjusted based on viability. One million (1 Â 10 6 ) viable cells were subcutaneously injected into each flank of female MMTV-ErbB2 transgenic mice (n ¼ 5 mice for each of the control and metformin groups). Tumor volumes were measured every other day after the initial injection for 14 days. The volume was calculated as long diameter Â (short diameter) 2 Â 0.52.
Sulforhodamine B assay
For the proliferation assays, treated SKBR-3, BT-474, 78617, and MCF10A cells were fixed with 10% trichloroacetic acid at 4 C for 1 hour. The plates were then washed 4 times with tap water, followed by staining with 50 mL 0.4% sulforhodamine B (SRB; Sigma; in acetic acid: H 2 O ¼ 1:100) for 30 minutes. Excess stain was washed 4 times with 1% acetic acid. The stained cells were dissolved in 10 mmol/L Tris. The optical density at 490 nm was determined using a Synergy Mx microplate reader (BioTek).
Clonogenic assay
As in the syngeneic grafting experiments, 78617 cells were pretreated with 1 mmol/L metformin in DMEM/F12/10% FBS or control medium for 72 hours. The harvested cells were adjusted based on viability. One thousand viable single cells were seeded in each well of 6-well plates and allowed to grow in complete DMEM/F12 media supplemented with 10% FBS for 2 weeks. Colonies were then washed twice with PBS and stained with 0.5% crystal violet (in methanol: H 2 O ¼ 1:1) for 30 min at room temperature. The extra stain was aspirated, and the plates were washed with tap water and air dried. Colonies were counted and photographed with a digital camera mounted on a Nikon C-LEDS microscope.
ALDH1 activity assay
ALDH1 activity was detected by flow cytometric analysis with an ALDEFLUOR Kit (Stem Cell Technologies) on Cell Lab Quanta SC (Bechman Coulter) according to the manufacturer's instructions. Briefly, control and metformintreated cells were incubated with ALDEFLUOR substrate. The specific inhibitor of ALDH, DEAB, was used to establish the baseline fluorescence and define the ALDEFLUOR-positive region. ALDEFLUOR-positive subpopulation data in triplicate were statistically analyzed.
RNA extraction and quantitative real-time PCR
Total RNA was isolated from monolayer attached and tumorsphere cells using a RNeasy Mini Kit (Qiagen). Firststrand cDNA synthesis was performed using an iScript cDNA Synthesis Kit (Bio-Rad). Quantitative real-time PCR was performed on Bio-Rad CFX96 Touch Real-Time PCR Detection System using SsoFast EvaGreen Supermix (BioRad). The primer sequences are listed in Supplementary  Table S1 .
Statistical analysis
A Student t test for comparison of 2 groups was used for statistical analysis. Calculations were performed using software from GraphPad Prism (GraphPad) and data were expressed as means AE SEM of at least 3 independent experiments. A P value of 0.05 was considered statistically significant.
Results
Metformin selectively inhibits CD61
high /CD49f high subpopulation in preneoplastic mammary glands of MMTV-ErbB2 transgenic mice A previous report showed that metformin treatment extended life span and delayed spontaneous breast tumor development in MMTV-ErbB2 transgenic mice (24) , but the underlying mechanisms were not addressed. To study the in vivo effect of metformin on mammary ductal growth and tissue hierarchy in MMTV-ErbB2 transgenic mice at the premalignant stage, 8-week-old virgin mice were treated with saline (control) or metformin at a dose of 250 mg/kg/day for 10 weeks. We first examined the effect of metformin on mammary morphogenesis. Whole mount analysis showed that metformin treatment resulted in significantly decreased lateral branching and alveolar structures as compared to the control (Fig. 1A) .
Mammosphere and tumorsphere assays have been developed and widely used for evaluation of mammary epithelial stem/progenitor cells (32, 33) and mammary CSCs/TICs (34-36), respectively. We performed quantitative sphere assay to examine the frequency of mammary epithelial stem/progenitor cells in mammary tissues with different treatments. As shown in Fig. 1B , the sphere-forming efficiency of the primary MECs from metformin-treated group was significantly decreased as compared with the control group, suggesting that metformin treatment inhibits mammary stem/progenitor cell subpopulation. high subpopulations in 78617 cells ( Fig. 1D and E).
Molecular signaling in metformin-treated mammary tissues
To understand the underlying mechanism of metforminmediated inhibition of stem/progenitor cells and mammary ductal growth, we examined the expression and activation of key markers involved in ErbB2 signaling and metformin actions (Fig. 2) . We found that metformin treatment resulted in significant downregulation of ErbB2 and EGFR expression, the inhibition of ErbB2, EGFR, ErbB3 and IGF-1R phosphorylation/activation. Consistently, activation of AKT1 and ERK1/2; were also inhibited. Metformin-induced activation of AMPK, however, was not as significant as in in vitro studies, possibly because of the timing of tissue collection. Nevertheless, phosphorylation of Stat3 and mTOR was remarkably inhibited in metformintreated tissues. Moreover, we found that metformininduced modest inhibition of estrogen receptor (ER)-a phosphorylation, but not expression, which might be associated with Akt and Erk inactivation. These findings suggested that metformin inhibits mammary epithelial growth through the inhibition of RTK and downstream AKT/ mTOR, MAPK/Erk, and Stat3 signaling, suggesting the critical role of these regulators in metformin-mediated suppression of TIC subpopulation.
Metformin pretreatment inhibits ErbB2-overexpressing tumor development in a syngeneic graft mouse model
To gain more in vivo evidence that metformin suppresses the initiation and development of ErbB2-overexpressing breast cancer, we assessed in vivo tumor initiation/development of 78617 cells with metformin pretreatment before implantation. To this end, the cells were pretreated with 1 mmol/L metformin for 72 hours. One million of adjusted viable cells of each sample were subcutaneously injected into MMTV-ErbB2 mice. As shown in Fig. 3A and B, tumor development and growth from the cells with metformin pretreatment were remarkably inhibited. Western blot assays indicate that metformin pretreatment induced prolonged inhibition of the phosphorylation of ErbB2 and EGFR, as well as the signaling of downstream AKT and ERK1/2 signaling (Fig. 3C ). In context with the decrease of CD61 high /CD49f high cells in Fig. 1D and E, these results suggest that metformin-mediated inhibition of TICs/CSCs and ErbB2 signaling may contribute to slow development and growth of the syngeneic tumors and spontaneous tumors as well.
Metformin inhibits the proliferation and RTK signaling of ErbB2-overexpressing breast cancer cells in vitro
We next examined the effect of metformin on the proliferation of a series of cell lines with different ErbB2 expression profiles, including 3 ErbB2-overexpressing breast cancer cell lines (SKBR-3, BT-474, and 78617) and a line of nontransformed human MECs (MCF10A). SRB assay results demonstrated that metformin inhibited the growth of all 3 ErbB2-overexpressing breast cancer cell lines in a dose-dependent manner but its effect on the MCF10A cells was moderate (Fig. 4A) . Examination of molecular signaling in metformin-treated SKBR-3 and BT-474 cells indicated that, under the given conditions, the most sensitive marker was AMPK phosphorylation/ activation, which could be detected in samples treated with 0.1 mmol/L metformin (Fig. 4B) . Consistent with the in vivo data, phosphorylation of ErbB2, EGFR, and AKT1 was inhibited in both cell lines. The inhibition of Stat3, ERK1/2, and mTOR phosphorylation, however, was evident in SK-BR-3 cells but not in BT-474 cells. These data generally support the role of AMPK, ErbB2, EGFR, Akt, Stat3, and mTOR regulation in metformin-mediated inhibition of the 2 cell lines, although changes of certain makers were subtle in BT-474 cells. In context with above proliferation data, we considered 1 mmol/L as the upper threshold concentration being nontoxic to monolayercultured ErbB2-overexpressing breast cancer cells, which were used in the following experiments.
Metformin at low concentrations inhibits the selfrenewal/proliferation of CSCs/TICs in ErbB2-overexpressing breast cancer cells in vitro To support our in vivo findings, we performed a series of in vitro experiments to study the effect of metformin on the stemness and proliferation of established ErbB2-overexpressing breast cancer cell lines. In parallel to the in vivo experiments described in Fig. 3 , we first examined the effect of metformin pretreatment on colony formation. As shown in Fig. 5A , pretreatment of 78617 cells with low-dose metformin significantly inhibited their colony formation efficiency.
To determine whether metformin impedes the selfrenewal/proliferation of stem/progenitor cells at low concentrations, primary MECs isolated from ErbB2 transgenic mice were grown under sphere-culturing conditions in the presence of graded low doses of metformin for 6 days. We found that low dose of metformin reduced the sphereforming efficiency of primary MECs (Fig. 5B) . The results also showed that both primary and secondary tumorsphere formation from BT-474 and 78617 cell lines were significantly inhibited by metformin in a similar manner, suggesting a potent inhibitory effect of metformin on tumorsphere-forming efficiency at low concentrations (Fig. 5C) .
ALDH1 activation is an established marker of breast CSCs (8) . To gain more evidence that metformin is able to act on TICs/CSCs at a low concentration, BT-474 and SKBR-3 cells were treated with 1 mmol/L metformin for 48 hours, followed by flow cytometry analysis of ALDH1 activity using an ALDEFLUOR Kit. As shown in Fig. 5D3 , ALDH1-positive subpopulation was significantly decreased in both cell lines treated with metformin. Hence, results from multiple evaluation approaches demonstrated that metformin exerts potent inhibitory effect on the self-renewal/proliferation of CSCs/TICs at concentrations nonlethal to monolayer ErbB2-overexpressing breast cancer cells.
Metformin targets ErbB2 and its downstream signaling molecules that serve as key factors for maintaining selfrenewal/proliferation of CSCs/TICs It has been reported that ErbB2 regulates the mammary stem/progenitor cell population that drives tumorigenesis and invasion (15) . We compared the expression and activation of ErbB2 in monolayer attached cells and secondary tumorsphere cells, which are enriched in CSCs, to correlate ErbB2 status with metformin responsiveness (Fig. 6A) . Results from multiple ErbB2-overexpressing breast cancer cell lines showed that ErbB2 mRNA and protein levels in sphere formation cells (SFC) were significantly higher than the attached cells ( Fig. 6A and B) , which is consistent with a previous report by Magnifico and colleagues (38) . Importantly, phosphorylation/activation of ErbB2 and Akt in CSC/TIC-enriched SFCs was increased accordingly (Fig.  6B) . These data underscore the role of ErbB2 deregulation in TIC/CSCs and the significance of metformin-mediated inhibition of ErbB2 signaling in its suppression of TICs/ CSCs.
To determine metformin responsiveness in cancer cells with different ErbB2 status, MCF-7 control (MCF-7/control) and ErbB2-overexpressing isogenic cells (MCF-7/ ErbB2) were treated with metformin at graded doses for 6 days, followed by SRB assays. Although ErbB2 overexpression enhanced MCF-7 cell proliferation and tumorsphere formation ( Supplementary Figs. S1 and S2 ), MCF-7/ErbB2 cells were more sensitive to metformin (Fig. 6C) . Similarly, metformin also induced a stronger inhibition of tumor sphere formation in MCF-7/ErbB2 cells as compared with MCF-7/control (Fig. 6D) .
To determine the crucial role of ErbB2 signaling in CSCs/ TICs self-renewal, BT-474 and SKBR-3 cells were treated with lapatinib, a dual inhibitor that targets ErbB2 and EGFR, followed by tumorsphere assays. The results indicated that the blockage of ErbB2/EGFR signaling resulted in a consistent, sharp decrease of sphere-forming frequencies in primary and secondary tumorspheres of both cell lines (Fig.  6E) . These data signify the role of RTK signaling in maintaining self-renewal/proliferation of CSCs/TICs and support the significance of metformin-mediated inhibition of ErbB2/EGFR expression/activation in its anti-CSC/TIC activities.
Finally, the differential effects of metformin on ErbB2 expression and activation in attached monolayer BT-474 cells and corresponding secondary tumorspheres were compared. Metformin treatment at 1 mmol/L for 72 hours resulted in little or no changes of ErbB2/Akt levels in the attached cells but caused a substantial reduction in both ErbB2 protein level and AKT phosphorylation in tumorsphere cells (Fig. 6F) . Taken together, these data indicate that metformin targets ErbB2 signaling that is preferentially expressed and activated in CSCs/TICs of human breast cancer, which serves as key factors in the maintenance of self-renewal/proliferation; this preference enables metformin to inhibit stem cell-like cells at nonlethal concentrations.
Discussion
Recent advances in metformin-associated antitumor studies hold great promise for improving cancer treatment and prevention with a blockbuster antidiabetes drug. A number of clinical trials are being carried out to test metformin's efficacy in different clinical settings (39) . However, the underlying mechanisms and factors that may affect metformin's efficacy remain unclear. In particular, preclinical studies on metformin-mediated cancer prevention are limited. Pioneer work by Anisimov and colleagues demonstrated observational evidence indicating that metformin extends the life span and inhibits the development of spontaneous mammary tumors in MMTV-ErbB2 transgenic mice (24) . In this report, we advanced Anisimov's observation and demonstrated for the first time that systemic administration of metformin selectively targets TICs in a clinically relevant prevention model, which is a novel development of metformin-related implications for breast cancer prevention and treatment.
This study was aimed to investigate mechanisms of metformin-associated prevention of mammary tumor development in MMTV-ErbB2 mice by focusing on its impact on mammary stem cells and/or TICs. We found that metformin treatment selectively inhibited CD61 high /CD49f high subpopulation in the preneoplastic mammary tissues of MMTVErbB2 transgenic mice. It has previously been demonstrated that CD61 high /CD49f high cells are the TICs of mammary tumor development in MMTV-ErbB2 transgenic mice, which are significantly increased during transition from preneoplasia to tumor formation (9) . Therefore, our data suggest that metformin selectively targets TICs in ErbB2-mediated tumor development. This is further supported by the decrease of CD61 (9), and we showed that mammosphere formation efficiency of primary MECs from metformin-treated mice was significantly reduced, it is likely that metformin inhibits the transition of luminal progenitors to CD61 high /CD49f high TICs and their further expansion. Moreover, results from the syngeneic transplantation experiments showed that pretreatment MMTV-ErbB2 tumor-derived 78617 cell line with low-dose metformin significantly inhibited graft tumor initiation/development after transplantation. Because the cell numbers for injection of the control and metformin-treated groups have been adjusted to be equal based on viability, inhibited tumor development/growth in metformin pretreated samples may reflect decreased TIC numbers ( Fig. 1D and E) and tumor static effect of metformin, rather than cell death before transplantation.
Although metformin-mediated inhibition of CSCs has been reported in established breast cancer cell line models (40), our results advance our understanding of metforminmediated inhibition of TICs in preneoplastic mammary tissues or at risk stages, which underscores its potential as a chemopreventive agent, especially for ErbB2-overexpressing breast cancer. Moreover, results from this study also suggest that analysis of CD61 high /CD49f high TIC subpopulation could be a useful tool for the identification of other TIC/CSC targeting agents.
In support of the in vivo data, our in vitro results demonstrated that low-dose metformin inhibited primary and secondary tumorsphere formation of ErbB2-overexpressing breast cancer cells. Metformin-induced decrease of ALDEFLUOR-positive populations in BT-474 and SKBR-3 cells further demonstrated its capability in targeting TICs/ CSCs. Results from lapatinib-mediated inhibition of tumorsphere formation supported the role of RTK blockade in metformin-mediated inhibition of TIC/CSC self-renewal and proliferation. Moreover, we demonstrated that ErbB2 expression and activation were enhanced in CSC-enriched tumorspheres, and ErbB2-overexpressing breast cancer cells were more sensitive to metformin-mediated inhibition of tumorsphere formation and proliferation, which may partially explain metformin's selective effect on ErbB2-overexpressing TICs/CSCs.
Mechanisms of metformin-mediated antitumor activities have been studied in different cell line models, and the derived data indicate that LKB1/AMPK/mTOR/ p70S6K pathway (39) and ErbB2 expression are the major functional targets of metformin (41) . However, in vivo effects of metformin on molecular signaling in mammary tissues have been rarely reported. Our results demonstrated that the activation/phosphorylation of ErbB2, EGFR, IGF-IR AKT1, ERK1/2, Stat3, and mTOR in metformintreated mammary tissues was significantly inhibited, which was accompanied by downregulation of ErbB2 and EGFR expression. Of note, these changes were from tissues harvested 18 hours after the last metformin injection, suggesting a long-lasting effect induced by metformin. In context with the report that ErbB2-regulated mammary stem/progenitor cell population is a driving force of related tumorigenesis and invasion (15) , and the regulation of PTEN/AKT/b-catenin signaling is vital in regulating mammary stem/progenitor cells (42) , downregulation of RTK-activated PI3K/Akt, MAPK/Erk, mTOR/ p70S6K, and Stat3 pathways may play a critical role in metformin-induced inhibition of CD61 high /CD49f high subpopulation and the consequent tumor initiation. How metformin induces the changes in molecular signaling and the interplay among those pathways is intriguing. It is generally believed that metformin exerts its effects mainly through the activation of LKB1/AMPK, which leads to the inhibition of mTOR/p70S6K pathway (43) . Downregulation of mTOR/p70S6K signaling was also reported to suppress the expression of ErbB2 and IGF-1R expression (41) . We observed that metformin inhibited both the expression and phosphorylation of ErbB2 and EGFR but mainly the phosphorylation of ErbB3 and IGF-1R in vivo. Because ErbB2 activation is closely regulated by its interaction with its family members and IGF-1R (44), the effect of metformin on ErbB2 signaling may involve multiple mechanisms yet to be defined. Similarly, metformin-induced inhibition of mTOR phosphorylation could have resulted from the inhibition of Akt pathway and activation of AMPK pathways and p53/ REDD1 axis (41, 45, 46) . Interestingly, we observed that metformin-induced AMPK phosphorylation/activation was very sensitive to metformin in cell culture system (Fig. 4) but not in the harvested mammary tissues (Fig.  2) . This is likely because AMPK activation is a short-lived response and its changes were not detectable when the tissues were harvested 18 hours after the last injection. Nevertheless, the significance of AMPK activation should not be overlooked. Moreover, metformin-induced inhibition of Stat3 phosphorylation was previously detected in triple-negative breast cancer cell lines (21) . We found that Stat3 phosphorylation was also sensitive to metformin in vivo and in SKBR-3 cells, suggesting that regulation of IL-6/JAK2/Stat3 pathway may also play an important role in metformin-mediated inhibition of TICs/ CSCs. This is supported by a recent report demonstrating that Stat3 is required to maintain the full differentiation potential of mammary stem cells and the proliferative potential of mammary luminal progenitors (47) . Moreover, because Stat3 could be activated/inhibited independent of ErbB2 signaling (21) , the role of Stat3 inactivation and the interactions between Stat3 and ErbB2 in metformin induced inhibition of TICs/CSCs warrant further investigation. Taken together, our mechanistic studies support the role of RTK inactivation and Stat3 blockage in metformin-mediated inhibition of TICs/ CSCs in ErbB2 tumor development. However, the specifics that lead to metformin-induced RTK inactivation and pathway-crosstalk remain to be defined.
Although our results showed that the proliferation and self-renewal/sphere formation of ErbB2-overexpressing cells were more sensitive to metformin, given that metformin also suppresses CSCs of other type of cells/cancers, such as pancreatic and ovarian cancers, metformin may also target critical steps common to TIC/CSC regulatory machinery. For example, metformin was reported to represses the self-renewal of breast CSC via inhibition of ER-mediated OCT4 expression (48) . Metformin-mediated regulation of E-Cadherin can efficiently prevent the TGF-b-induced EMT (49) . Therefore, metformin-induced changes in these fundamental mechanisms may interact with the signaling pathways specific to certain cells type, such as ErbB2 overexpression, and give rise to various responses in different cell/ cancer types.
The dose of metformin used in anticancer studies has been a debating issue. After a dose-response test in relevant cell lines (Fig. 4A) , we used relatively low doses, 0.1 to 1 mmol/L, in the subsequent in vitro experiments. Although the doses were much lower than that in many previous studies, which ranged from 1 to 30 mmol/L (45, 50, 51), we should acknowledge that the concentrations are much higher than the therapeutic plasma levels in clinical medicine (40, 52) . However, the discrepancy between in vivo and in vitro conditions could be smaller if the following factors are considered: (i) metformin levels in tissues could be several-fold higher than those in blood because of its tissue accumulation (53); (ii) supplements in the medium may affect metformin's action in cell culture system. (iii) longer exposure to metformin, as it is in vivo, may lower the threshold for metformin-associated activities. Indeed, our data indicated that the dose-response curve for a 6-day treatment was significantly shifted to a lower threshold as compared with that of a 3-day treatment ( Supplementary  Fig. S3 ). Based on previous reports (46, 51), we used a dose of 250 mg/kg in our in vivo studies. Although it was well tolerated by the animals, it is apparently higher than the therapeutic doses for diabetes. This should also be cautiously considered when the data are used for clinical reference. Nevertheless, data from this study have provided proof of concept for metformin induced inhibition of TICs in ErbB2-mediated carcinogenesis, which will be tested with various doses.
In summary, we demonstrated that systemic administration of metformin selectively inhibited TICs subpopulation in MMTV-ErbB2 tumor model. Downregulation of RTKmediated signaling through multiple mechanisms plays a critical role in this process, which warrant further investigation. Data from this in vivo study will be particularly valuable in developing novel strategies for the prevention of ErbB2-mediated carcinogenesis. 
